Abstract. Matrix assisted laser desorption ionization imaging mass spectrometry (MALDI IMS) has the ability to provide an enormous amount of information on the abundances and spatial distributions of molecules within biological tissues. The rapid progress in the development of this technology significantly improves our ability to analyze smaller and smaller areas and features within tissues. The mammalian eye has evolved over millions of years to become an essential asset for survival, providing important sensory input of an organism's surroundings. The highly complex sensory retina of the eye is comprised of numerous cell types organized into specific layers with varying dimensions, the thinnest of which is the 10 μm retinal pigment epithelium (RPE). This single cell layer and the photoreceptor layer contain the complex biochemical machinery required to convert photons of light into electrical signals that are transported to the brain by axons of retinal ganglion cells. Diseases of the retina, including age-related macular degeneration (AMD), retinitis pigmentosa, and diabetic retinopathy, occur when the functions of these cells are interrupted by molecular processes that are not fully understood. In this report, we demonstrate the use of high spatial resolution MALDI IMS and FT-ICR tandem mass spectrometry in the Abca4 -/-knockout mouse model of Stargardt disease, a juvenile onset form of macular degeneration.
Introduction
T he mammalian retina is a highly complex tissue capable of converting light of various wavelengths into signals that can be interpreted by the brain to produce images. The complex anatomy of the retina is formed from a rich diversity of cells, including light sensing neurons not found anywhere else in the body [1] . The layered structure of the mammalian retina was first studied in depth more than 100 years ago, although Leonardo Da Vinci depicted layers in the eye in his anatomical studies dating back as early as the 15th century [2] . Within these layers, the distinct cell types of the retina have well-defined physiological functions, the loss of which can result in eye diseases that cause loss of vision, such as age-related macular degeneration (AMD) [3] , diabetic retinopathy [4, 5] , Stargardt disease [6] [7] [8] , and retinitis pigmentosa [9] .
MALDI IMS technology has rapidly progressed over the past decade, with significant improvements seen in instrumentation [10] [11] [12] , laser technology [13] [14] [15] , and sample preparation techniques [16] [17] [18] [19] [20] [21] [22] [23] [24] . These advances provide for increased sensitivity, reduced acquisition time, and greater spatial resolution. Furthermore, these improvements have broadened the application of MALDI IMS to biological tissues of smaller sample size and feature sizes than was previously possible [25] [26] [27] .
Previous studies of lipid distributions in cross sections of retinal tissue using MALDI IMS included mouse [28] , salamander [29] , and pig tissues [30] . Hayasaka et al.
utilized a MALDI QIT-TOF instrument and observed a number of phospholipid species distributed in the varying layers of a mouse retina at a spatial resolution of 50 μm [28] . The identities of the lipid species were confirmed using MS/ MS analysis on the same sections. Roy et al. [29] utilized atmospheric pressure MALDI IMS to observe phospholipid species in a salamander retina at high spatial resolution (8 μm) . Images generated from signals unique to the outer and inner plexiform layer and signals originating from the inner and outer segments of the photoreceptors and RPE region were observed. Lipid species present in the salamander retina were identified using LC-ESI MS/MS analysis. Previously published work using negative ion mode analysis of rat and human retinal tissue had been performed using chloroform/methanol extraction of homogenized tissue followed by LC-MS [31, 32] to identify retinal lipids. However, since the whole tissue was homogenized, the spatial distribution of these lipids in relation to the cell types of the retina was lost.
The Abca4 gene (also known as abcr) was identified to be mutated in patients with Stargardt disease, a juvenile form of macular degeneration [6] [7] [8] . Functionally, the protein is thought to be a retinoid flippase [33] . Mice lacking the Abca4 gene have been shown to have elevated levels of phosphatidylethanolamine (PE) in the photoreceptor cell outer segments and accumulate retinoid metabolites such as N-retinylidene-N-retinylethanolamine (A2E) in the retinal pigment epithelium (RPE) following photoreceptor phagocytosis [34] . These highly lipophilic side products of the retinoid visual cycle are major components of lipofuscin and can be toxic to cells [35] [36] [37] [38] . Therefore, the processes involving retinoid regeneration are of great interest for the understanding of retinal degenerative diseases [39] [40] [41] [42] . For the purpose of the present work, the high abundance of A2E in the RPE layer provides definition of this single cell layer in MALDI IMS experiments.
Here, we present data from Abca4 -/-mouse retina imaged at high spatial resolution (10 μm) using sagittal sections of whole mouse eyes in both positive and negative ion mode. The images display numerous lipid species present in the various cell layers and bis-retinoid molecules observed in the RPE layer. Lipid identification was performed on adjacent sections using high mass accuracy measurements and tandem mass spectrometry (MS/MS) data acquired using an FT-ICR instrument. Two of the basic processes of vision, the retinoid visual cycle and photoreceptor outer segment phagocytosis by the RPE, involve the transport and processing of a large amount of lipids and lipophilic retinoids between the photoreceptors and the single layer of RPE cells. Many of these molecules, which play important biological roles in the normal function of retinal tissue, can be altered in the Abca4 -/-mouse. These experiments provide new evidence on the distributions of these crucial molecules in single cell layers, demonstrating that high spatial resolution MALDI IMS can now be successfully utilized to gain valuable information on details of the types of molecules and retinal metabolites present under conditions that lead to macular degeneration in humans.
Experimental

Abca4
-/-mice were from established colonies at the Medical University of South Carolina that originated from breeding pairs generously provided by Dr. G. H. Travis. The background strain was Sv129. Animals were reared in cyclic light with a 12-h light cycle (06:00-18:00). All animal procedures were carried out in accordance with protocols approved by the Institutional Animal Care and Use Committee of the Medical University of South Carolina and were consistent with the recommendations of the Panel on Euthanasia of the American Veterinary Medical Association. Three-to five-month-old animals were dark-adapted overnight, sacrificed under dim red light, and the eyes were removed. Frozen eyes were shipped from Charleston to Nashville on dry ice for experiments.
Whole Abca4 -/-3-to five-month-old mouse eyes were rapidly frozen in 1% carboxymethylcellulose [43] (Sigma Aldrich, St. Louis, MO, USA) by placing the eye into a well, fashioned from parafilm, which was placed in a polystyrene container holding dry ice. Twelve-μm sections were obtained (see Supplementary Figure 1 for orientation and region of the eye sectioned) with a cryostat (Leica CM3050S; Buffalo Grove, IL, USA) at -20ºC and thaw-mounted onto a gold coated MALDI target plate (AB SCIEX, ON, Canada). The sections were dehydrated in a vacuum desiccator. 2,6-Dihydroxyacetophenone (DHA) (Sigma Aldrich) was sublimated [23] onto the samples using an in-house sublimation apparatus for 10 min at approximately 56 mTorr at 110ºC for positive mode analysis. An age matched Sv129 control retinal section was prepared using the same method. 1,5-Diaminonaphthalene (DAN) (Sigma Aldrich) was sublimated under the same conditions for negative mode analysis.
Imaging experiments were performed using a Bruker UltrafleXtreme II (Bruker Daltonics, Bremen, Germany) equipped with a 355 nm Smartbeam II laser operated at 500 Hz. The laser was set to the minimum spot size, measured to be 9-10 um using a Zeta 20 profilometer (Zeta Instruments, San Jose, CA, USA) (data not shown), and to 8% laser power corresponding to 3.1 μJ/pulse. Images were acquired with an average of 100 laser shots/pixel for positive mode analysis and 50 shot/pixel for negative ion mode analysis. Images were generated using FlexImaging 3.0 (Bruker Daltonics, Billerica, MA, USA) and data were normalized to the total ion current.
Lipid identification from adjacent sections was performed using a 9.4 T Bruker SolariX FT-ICR mass spectrometer (Bruker Daltonics, Billerica, MA, USA) to provide both accurate mass measurements and tandem mass spectrometry. Calibration was performed with a series of phosphorus clusters prior to imaging data acquisition [44] . A quantity of 0.2 μL of lithium chloride (100 mM) was pipetted onto the sublimated DHA surface of one section for positive ion MS/ MS analysis [45] . Precursor ions were mass-selected in the source region of the instrument using a linear quadrupole (m/z window: 1.0 Da). The selected ions were fragmented by SORI CID [46] (pulsed argon, 0.25 s 500 Hz irradiation). Isolation and fragmentation of glycerophosphoethanolamine (A2-GPE) was performed on a Thermo LTQ XL instrument (Thermo Fisher Scientific Inc., San Jose, CA, USA.) equipped with a MALDI source (337 nm N 2 laser) with an average of five laser shots and a collision energy of 30. Spectral interpretation was accomplished by using LIPID MAPS to match the accurate mass of the precursor ion and manually by interpretation of fragmentation patterns. MS/MS spectra were processed and figures generated using mMass freeware (www.mmass.org) [47] and structures were produced using Chemdraw (Perkin Elmer Inc. Waltham, MA, USA).
Results and Discussion
The quality of retina sections obtained from cryostat sectioning was found to be crucial in generating high quality MALDI images because of the low density exiguous nature of this tissue lending to disruption of the tissue morphology. Embedding the tissue in 1% carboxymethylcellulose assisted the sectioning process by providing a support material around the tissue and also by preventing compression or stretching of the retinal tissue as denser areas of the tissue such as the sclera or lens passed over the blade. Figure 1 displays an image of an H&E stained embedded C57 mouse retinal tissue section indicating the numerous cell layers and their size relative to one another. The nuclei present in the ganglion cell layer, inner nuclear layer, and outer nuclear layer are clearly visible as stained by hematoxylin. The RPE can be seen towards the bottom of the image as a thin brown line above a larger darker region of the choroid. These layers appear brown because of the pigmented cells producing melanin in this region.
Figure 2a-i display eight positive ion mass spectra from a retinal section of a 3-month-old Abca4 -/-mouse, each generated from a single pixel in different regions of the imaged tissue in Figure 3 . These spectra show cell-specific ions in the lipid mass range with varying intensities across each retinal layer with some base peaks in the mass spectra reaching intensities as high as 3500 counts. Starting from the interior of the retinal tissue, the nerve fiber/ganglion cell layer towards the sclera at the outside of the eye, individual mass spectra display a number of intense signals that are unique to each layer and some which are present in several layers, demonstrating the high complexity of lipid species present in this extremely organized and complex tissue. A mass spectrum from the inner nuclear layer was not displayed as the signals from the nerve fiber/ganglion cell layer and the inner nuclear layer displayed very similar molecular signatures. An expanded region in Figure 2b was included to highlight the peak observed at m/z 784.6 adjacent to the abundant peak at 782.6. The intensity of m/z 784.6 is higher than the predicted second 13 C isotope of m/z 782.6 and the signals display different distributions within the tissue. The peaks labeled with boxes correspond to identified lipid species used to generate the images shown in Figure 4 . The majority of peaks observed in positive ion mode correspond to sodium adducts of phosphatidylcholine lipid species since the tissue section was unwashed, leaving biological salt in the tissue.
Selected individual ion images shown in Figure 3a -g demonstrate unique distributions in different cell layers of the Abca4 -/-mouse retinal tissue. Different colors representing the distribution of individual ions in the combined image (Figure 3 center) were selected to highlight the spatial relationship of each lipid in the retinal cell layers. Eight of the expected 10 cell layers can be differentiated by unique lipid signals. Each of these ions was isolated and fragmented directly from tissue using an FT-ICR mass spectrometer to obtain structural identifications (see Supplementary Table 1 for details).
The MALDI IMS images shown in Figure 3 generated in positive ion mode from sodium adducts of phosphatidylcholines and one sphingomyelin species are described below. Additional "layer-specific" images of unidentified lipid signals are included in Supplementary Figures 2 and 3 . Figure 3a displays the ion image generated from m/z 782.6 identified using accurate mass and MS/MS as PC(16:0/18:1)Na + , which was observed in both the nerve fiber/ganglion cell region in high abundance as well as in lower abundance in the inner nuclear layer and the choroid/ sclera region. This lipid has been previously reported in a similar location of the inner plexiform layer of the mouse retina [28] . Using the solvent-free matrix application method described earlier and a higher spatial resolution acquisition method, we were able to differentiate between the inner plexiform, inner nuclear, and outer plexiform layers, and observe a higher abundance in the layers adjacent to the inner plexiform layer with this example. The nerve fiber layer is comprised of axons responsible for transmitting the action potentials generated by the ganglion cells toward the optic nerve disc before joining at the optic nerve and relaying the signals to the visual cortex region of the brain. The inner nuclear layer contains the nuclei for bipolar cells and also synaptic connections leading to the nerve fiber layer. The PC(16:0/18:1) lipid species has previously been observed in mouse optic nerve tissue, spinal cord, and mouse brain tissue [48] [49] [50] , suggesting its association with axons of neuronal tissue. PC(18:0/16:0)Na + at m/z 784.6 ( Figure 3b ) was observed in high abundance in the inner plexiform layer and in lower abundance in the choroid/retinal pigment epithelium. Signals originating from both plexiform layers observed in the ion image generated from m/z 810.6 in Figure 3c were identified as PC(18:1/18:0)Na + . This lipid was observed at high abundance in the outer plexiform layer with lower abundance in the inner plexiform layer and retinal pigment epithelium/choroid region. The plexiform layers form the synaptic regions in the retina and are comprised of bipolar cells along with horizontal cells and amacrine cells to form synaptic connections from the photoreceptors to the ganglion cells of the nerve fiber layer [1] . Figure 3d displays an ion image generated from m/z 756.6, identified as PC(16:0/16:0)Na + and observed in the outer nuclear layer. The relatively thick outer nuclear layer contains the cell bodies and nuclei for the numerous photoreceptor cells in the photoreceptor layer.
One signal originating from the photoreceptor layer observed at m/z 900.6 that can be seen in Figure 3e was identified as PC(22:6/22:6)Na + . This lipid species contains the polyunsaturated 22:6 fatty acid chain docosahexanoic acid (DHA, omega n-3) in both the sn-1 and sn-2 positions. This unusual fatty acid is well documented to be present in rod photoreceptor membranes. [51] [52] [53] Figure 3f displays the ion image generated from a signal at m/z 780.6 identified as PC(18:2/16:0)Na + that was observed in the retinal pigment epithelium/choroid region. Since the retinal pigment epithelium is only 10 μm thick, it is difficult to distinguish the retinal pigment epithelium from the choroid. The outermost sclera region of the eye is depicted by a signal observed at m/z 725.6 identified as a sphingomyelin SM(d18:1/16:0). Figure 4a and b display images from signals identified as retinoids A2E and (A2-GPE) [54] at m/z 592.5 and 746.5, respectively, in the Abca -/-retinal tissue, which clearly define the RPE region from the positive ion mode data. The higher intensities observed in this region are one to two pixels across (10-20 μm) . This two-pixel distribution is dependent on where the laser irradiates the tissue (e.g., if half the laser footprint is on the retinal pigment epithelium, a specific signal would appear in two pixels). The lower intensity signals observed in blue color surrounding the retinal pigment layer are attributed to background noise, whereas the signal observed in the interior of the eye for m/z 592.5 are due to an interfering ion, which cannot be resolved from the A2E signal with the TOF instrument. This interfering ion is apparent in Figure 4c within the interior retinal layers of a Sv129 control section. A2E has been reported to be present in the neural retina, on the basis of HPLC analysis of organic extracts [33, [55] [56] [57] , but its distribution across different layers is unknown. Analysis of the retinal tissue using an FT-ICR instrument revealed a number of ions between m/z 592.1 and 592.6, including m/z 592.2982, 592.4510, and 592.4989, which can be seen in Supplementary Figure 4 . Fragmentation of these ions from the interior of the retinal tissue did not provide sufficient Figure 5) . It should be noted that unidentified ions in the fragmentation spectrum likely result from the other ions with similar m/z values that cannot be separated from A2E. The signal obtained for A2-GPE (C 45 H 65 NO 6 P + ) observed at m/z 746.5 (A2-GPE theoretical mass=746.4544 Da) from the RPE was isolated and fragmented using a Thermo MALDI Duo LTQ instrument. Based on the fragmentation patterns observed, the signal observed at m/z 746.5 was confirmed to be A2-GPE (Supplementary Figure 6) . p r e s e n ce o f ph o s p ha t i dy l e t h a no l a m i ne s (P E s ) , phosphatidylinositols (PIs), phosphatidylglycerols (PGs), and sulfatides (STs) [24] . The negative ion MALDI image data from retina tissue, in general, yielded similar results to the positive ion images and defined six distinct cell layers. Figure 5 a-e display negative ion mode mass spectra from a 5-mo-old Acba4 -/-mouse, each generated from a single pixel from distinct regions in the imaged tissue in Figure 6 .
The negative ion mode analysis shows the distributions of a number of deprotonated lipid species in the varying cell types and layers of the retina. Again, a mass spectrum from the inner nuclear layer was not displayed since the signals from the nerve fiber/ganglion cell layer and the inner nuclear layer displayed very similar molecular signatures. No -/-retinal tissue specific mass spectra with clear signals could be generated for the outer plexiform layer or the sclera using the negative ion mode. Figure 6 displays the individual ion images from selected peaks in Figure 5 surrounding a central image of overlaid ion images. Figure 6a displays the distribution of the base peak at m/z 885.5 identified as PI(18:0/20:4). Using MALDI IMS, it was found to be located in the nerve fiber/ ganglion cell layer and the inner nuclear layer spanning into the outer plexiform layer of the Abca4 -/-mouse retina. A very thin band can also be observed in the region between the photoreceptor layer and the outer nuclear layer. This feature can be seen in the overlay as a thin green layer. A signal observed in the inner plexiform layer with high abundance at m/z 774.5 (Figure 6b ) identified as the plasmalogen PE(P-18:0/22 :6) . No lipid species with specific distributions in the outer plexiform layer were observed in the negative ion data. A signal observed at m/z 718.5 originating from the outer nuclear layer with high abundance can be seen in Figure 6c , identified as PE-NMe2 ( One signal, at m/z 834.5, observed in the photoreceptor layer observed (Figure 6d ) was found to be comprised of two lipids identified as PE(22:6/22:6) and PS(18:0/22:6) based on high mass resolution FT-ICR measurements. The theoretical m/z values are 834.5079 and 834.5291, respectively, which with a mass difference of 0.0212 Da are unable to be resolved with the TOF instrument.
An ion image that depicts the RPE layer (Figure 6e ) revealed by a signal present in a 1-to 2-pixel region at m/z 865.5 was identified as PG (22:6/22:6) . This lipid also contains two docosahexanoic acid side chains, has not been previously observed in retinal tissue, and could be unique to the RPE region of the Abca4 -/-mouse model. The RPE is the site of complex biochemistry related to regeneration of photopigments, and this biochemistry is important in eye diseases, such as age-related macular degeneration (AMD). Docosahexanoic acid and arachidonic acid are found in high concentration in the retina as structural components of the photoreceptor outer segments [53] and vascular tissue of the choroid. Their purpose is more than just as structural element since docosahexanoic acid released from the membrane phospholipids by phospholipase A 2 stimulated by oxidative stress is converted to neuroprotectin D1 (NPD1) by 15-lipoxgenase-1. The bioactive NPD1 acts as a potent mediator for protective, antiinflammatory processes including induction of anti-apoptotic proteins and inhibition of pro-apoptotic proteins [58] .
Conclusion
Embedding of whole eyes in carboxymethyl cellulose was beneficial to obtaining reliable sections and to preserving tissue morphology by preventing wrinkling and folding during sectioning. As MALDI IMS moves to higher spatial resolution, preservation of the original tissue morphology becomes more challenging. Sublimation of the DHA matrix provided excellent sensitivity for a number of sodium adducts of identified phosphochloline lipids, and one identified sphingomyelin species in positive ion mode. The spectral quality from pixel to pixel in negative ion mode was greatly improved with the use of 1,5-diaminonaphthalene as a matrix. Negative ion-mode imaging provided the spatial distributions of a number of lipid species, including phosphoethanolamines, phosphoinositols, and phosphoglycerols. The combination of tissue embedding, matrix application, and small laser spot size (10 μm) allowed high spatial resolution imaging and differentiation between retinal cell layers. As the Abca4 -/-mouse model has been shown to accumulate high levels of retinoid metabolites in the RPE layer [8, 33, 40, 42, 59] , these metabolites can be clearly observed in situ using this method. As an example, a number of signals originating from the RPE were observed with minimal interference from adjacent cell layers or manual removal of the Further studies using this technology to compare healthy donor retinal tissue with AMD, diabetic retinopathy, and retinitis pigmentosa tissues to identify disease-related lipidomic changes, such as oxidation and age related glycation end products and their spatial distributions, will lead to a better understanding of these diseases and identification of new therapeutic targets to slow or prevent disease progression.
